Thickness dependence of the mobihty at the LaAlOs / SrTiOs interface 
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The electronic transport properties of a series of LaAlOs / SrTiOa interfaces were investigated, 
and a systematic thickness dependence of the sheet resistance and magnetoresistance was found for 
constant growth conditions. This trend occurs above the critical thickness of four unit cells, below 
which the LaAlOs / SrTiOa interface is not conducting. A dramatic decrease in mobility of the 
electron gas of nearly two orders of magnitude was observed with increasing LaAlOa thickness from 
five to 25 unit cells. 



There is an on-going debate concerning the origin of 
the conducting layer formed between the two insulators 
LaAlOs and SrTiOs p|. Electron doping due to the po- 
lar discontinuity between the {lOOj interfaces of LaAlOs 
and SrTiOs [^], atomic diffusion [3] or the formation of 
conducting SrTiOa-i 0, [1, Q are all competing possible 
mechanisms. A central difficulty in achieving consensus 
about the electronic properties of this system is the vari- 
ation in growth parameters used by various groups, lead- 
ing to a wide range of reported properties. In order to 
both understand the mechanism of the conducting inter- 
face, and to control its electronic parameters for possible 
applications, a thorough knowledge of the growth control 
parameters and the electronic phase diagram is essential. 

In common with the growth of other thin films by 
pulsed laser ablation, the substrate temperature and laser 
energy density are highly influential over the film prop- 
erties. The importance of oxygen partial pressure during 
the growth of the LaAlOs layer has also been empha- 
sized [H, 0| : a progressive change from metallic to almost 
insulating behavior at low temperatures was found sys- 
tematically with increasing with oxygen pressure. Sim- 
ilar metallic samples show superconductivity below 0.3 
K [1, 0] , and some form of magnetic ordering has been 
suggested as the ground state of the samples showing an 
insulating tendency [7] , although the exact nature of the 
electronic ordering is currently unclear. 

The LaAlOa thickness was also shown to be another 
crucial control parameter In this case the LaAlOs 
and SrTiOa interface resistance was > 1 Gfi at 300 K for 
a thickness d < 3 unit cells (uc), but became conducting 
for d> A uc. This result can be interpreted to support to 
the polar discontinuity picture in favour of other doping 
mechanisms. In that work |lol| the 4 uc and 6 uc sample 
showed a metallic resistance versus temperature, R(T), 
but there was no report of the properties of the thicker 
samples up to 15 uc, except for their conductivities and 
sheet carrier densities at 300 K. In this Letter we report 
low temperature magnetotransport measurements show- 
ing that the metallicity is strongly thickness dependent 
far above the critical 4 uc value, and that thickness can 
play an analogous role to oxygen pressure in previous 
studies. 



Our samples were grown by pulsed laser deposition us- 
ing a KrF laser in an oxygen pressure of 1.33 mPa, at 
a repetition rate of 2 Hz. The total laser energy was 20 
mJ, and the laser was imaged to a rectangular spot of 
area 2.3 mm x 1.3 mm on the single crystal LaAlOa tar- 
get using an afocal zoom stage. Each sample was grown 
on a 5 mm x 5 mm SrTiOa (100) substrate with Ti02 



terminated surfaces 11, l2|- AH substrates in this work 
were cut from a single 15 mm x 15 mm SrTiOs substrate 
to ensure comparable initial surfaces. Before growth the 
substrates were preannealed at 1223 K for 30 minutes in 
an oxygen environment of 0.67 mPa. Following this an- 
neal, the substrate temperature was reduced to 1073 K, 
as measured by an external optical pyrometer. The five 
LaAlOs thicknesses were 2, 5, 10, 15 and 25 uc, as moni- 
tored using in-situ reflection high-energy electron diffrac- 
tion (RHEED). Clear RHEED intensity oscillations were 
observed for all samples, giving a growth rate of ~ 34± 2 
laser pulses per uc. 
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FIG. 1: Resistance per square versus temperature for LaAlOa 
thicknesses of 5, 10, 15 and 25 uc. Two curves are shown for 
different parts of the same sample with 15 uc thickness. 

After growth the sample was cooled to room tempera- 
ture with the chamber filled by 4 x lO''^ Pa of oxygen, with 
a one hour pause at 873 K. This post annealing step is 
the same as used elsewhere [l3|- The samples were elec- 
trically contacted using an ultrasonic wirebonder with 
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aluminium wire, in a Hall bar configuration with voltage 
contacts ~ 1 mm apart. All measurements were made in 
a Quantum Design PPMS with the sample normal par- 
allel to the applied magnetic field. 

In Figure [1] we show the resistance per square versus 
temperature of the various samples. The 2 uc sample, 
below the critical thickness, was highly resistive, and its 
properties will not be discussed further in this Letter. 
The thickness dependence of the other samples is clear: 
the thicker samples show an upturn in the resistance at 
low temperatures, analogous to the high oxygen pres- 
sure samples of other groups, whereas the 5 uc and 10 
uc sample show metallic behavior down to 2 K. While 
the other samples showed reproducible data, the 15 uc 
sample showed some inhomogeneity in the transport for 
different areas on the same sample, hence we show two 
R(T) curves to represent this. For clarity in the following 
discussions, we focus on the sample 15 uc (1), and do not 
show the magnetotransport data for the sample labeled 
15 uc (2). 
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FIG. 2: Sheet carrier density versus temperature for the four 
conducting samples. The Hall coefficient was calculated at 1 
T. 

The sheet carrier density versus temperature is shown 
in Figure [2l This was calculated at 1 T from antisym- 
metrized Hall measurements. Similar to recent literature 
the thicker samples show densities close to 1 x 10^'^ cm~^, 
whereas the more metallic samples approach 1 x 10^"* 
cm^'^. In this case, there is no clear systematic change 
with the thickness of the film, although a difference be- 
tween the two thinner and two thicker samples is appar- 
ent. The distinct drop in carrier density around 20 K 
was also observed elsewhere 13| for more resistive sam- 
ples. Note that since we measure only the sheet carrier 
density, the thickness of the electron gas, and thus the 
volume carrier density is unknown and may change sys- 
tematically with thickness. 

Similar to the sheet resistance data, the magnetoresis- 
tance at 2 K shows a clear systematic change: a steady re- 
duction from a strong positive magnetoresistance for the 



thinnest conducting sample, to the curve for 25 uc, which 
shows a decreasing magnetoresistance at high fields, sim- 
ilar to the negative magnetoresistance observed previ- 
ously by other groups, (see Inset of Figure [3]). Again the 
analogy between oxygen pressure in the latter work, and 
thickness in the current work is clear. 
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FIG. 3: Symmetrized magnetoresistance at 2 K with mag- 
netic field applied parallel to the substrate normal for the 
four thicknesses. Inset: Enlarged data for the 25 uc sample, 
showing clear local maxima. 

Finally we calculate the electron mobility /i from both 
the Hall effect measurement and the magnetoresistance 
data using the two well known relationships = 1/ eRn 
and R{B)—R{0) = l+^dimrB)"^ , where e is the electronic 
charge, n the sheet carrier density, B the flux density and 
^ is of order unity [l3|. We extracted the magnetoresis- 
tance mobility from a low field fit to the R{B) data. Due 
to the unconventional shape of the R{B) for the 25 uc 
sample, as mentioned above, we are unable to extract a 
physically meaningful fimr for this sample. These two 
measures of mobility are plotted in Figure [31 A clear 
and striking drop in the Hall mobility fin is apparent as 
the LaAlOa thickness increases. We also see a clear de- 
crease in the magnetoresistance mobility /imr, although 
the rate of change with thickness for fijnr is lower than 
for fiH- Thus while C = ^imr/l^'H is close to unity for the 
5 uc sample, the 10 and 15 uc samples show an increasing 
disagreement between /i,„r and /i^f- At present the rea- 
son for this difference in behavior of the two measures of 
mobility is not understood, but an additional scattering 
mechanism in the electron gas, possibly magnetic in ori- 
gin, may affect the magnetoresistive measurements and 
explain this discrepancy. 

Atomic force microscopy over a 20 /ini x 20 /im area 
on the surface of the samples showed clear unit cell steps, 
but no features could be identified that clearly changed 
with the thickness of the film. We have observed other 
thicker films (>30 uc), which showed some surface fea- 
tures that suggest cracking associated with the relaxation 
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FIG. 4: Hall and Magnetoresistance Mobility versus LaAlOs 
thickness for the four samples at T = 2 K. 

of the strained LaAlOa, but this was not evident in these 
samples. In addition to microscopic defects that might be 
found at the interface [l5| , many theoretical calculations 
in various systems have suggested a strong link between 
the transport properties of heterointerfaces such as the 
LaAlOs/SrTiOs system with the details of the atomic 
arrangement and bonding lengths in the system (for ex- 
ample [H, 113, El). Such effects may be present in the 
current experiment. 

We note that in the recent literature, the supercon- 
ducting and gating experiments have tended to use rela- 
tive thin LaAlOa layers [1, (less than 16 uc), whereas 
those investigating the unusual magnetoresistive proper- 
ties of the more highly resistive samples are relatively 
thick (26 uc) • In the former case highly resistive thin- 
ner films could not be grown [l^ . This is consistent with 
the data presented in this Letter. However we also note 
that in different growth conditions, thicker films can be 
metallic (and superconducting), therefore we cannot as- 
sign thickness as the most dominant parameter in this 
phase space. Nonetheless we clearly can conclude that 
the LaAlOa thickness, even far above the critical 4 uc 
value required for conductivity, can have a decisive im- 
pact on the mobility and magnetoresistive properties of 
the electron gas. This thickness dependence can be an 
additional important parameter for elucidating the mi- 
croscopic transport mechanisms at the LaAlOa/SrTiOs 
interface, and assist our understanding and optimization 
of the electronic properties for future applications. 
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